ABSTRACT Exploitation of custom-designed nucleases to induce DNA double-strand breaks (DSBs) at genomic locations of choice has transformed our ability to edit genomes, regardless of their complexity. DSBs can trigger either error-prone repair pathways that induce random mutations at the break sites or precise homology-directed repair pathways that generate specific insertions or deletions guided by exogenously supplied DNA. Prior editing strategies using site-specific nucleases to modify the Caenorhabditis elegans genome achieved only the heritable disruption of endogenous loci through random mutagenesis by error-prone repair. Here we report highly effective strategies using TALE nucleases and RNA-guided CRISPR/Cas9 nucleases to induce error-prone repair and homology-directed repair to create heritable, precise insertion, deletion, or substitution of specific DNA sequences at targeted endogenous loci. Our robust strategies are effective across nematode species diverged by 300 million years, including necromenic nematodes (Pristionchus pacificus), male/female species (Caenorhabditis species 9), and hermaphroditic species (C. elegans). Thus, genome-editing tools now exist to transform nonmodel nematode species into genetically tractable model organisms. We demonstrate the utility of our broadly applicable genome-editing strategies by creating reagents generally useful to the nematode community and reagents specifically designed to explore the mechanism and evolution of X chromosome dosage compensation. By developing an efficient pipeline involving germline injection of nuclease mRNAs and single-stranded DNA templates, we engineered precise, heritable nucleotide changes both close to and far from DSBs to gain or lose genetic function, to tag proteins made from endogenous genes, and to excise entire loci through targeted FLP-FRT recombination.
S
TRATEGIES to engineer heritable, site-directed mutations at endogenous loci have revolutionized our approach toward manipulating and dissecting genome function. Studies of plants and animals alike, whether conducted in whole organisms or cell lines, have benefitted greatly from these genomeediting approaches (Bibikova et al. 2002; Beumer et al. 2006; Doyon et al. 2008; Geurts et al. 2009; Hockemeyer et al. 2009; Holt et al. 2010; Zhang et al. 2010; Hockemeyer et al. 2011; Tesson et al. 2011; Wood et al. 2011; Young et al. 2011; Bedell et al. 2012; Bassett et al. 2013; Cong et al. 2013; Jinek et al. 2013; Mali et al. 2013; Wang et al. 2013; Zu et al. 2013) . The most modern tools for modifying complex genomes at single-nucleotide resolution are site-specific nucleases that induce DNA double-strand breaks (DSBs) at specifically designated genomic locations. DSBs trigger repair pathways that can elicit targeted genetic reprogramming, primarily through two mechanisms: error-prone nonhomologous end joining (NHEJ) (Lieber 2010 ) and precise, homology-directed recombination or repair (HDR) (Chapman et al. 2012) . NHEJ rejoins broken ends of chromosomes through an imprecise process that produces nucleotide insertions, deletions, and indels at the DSB site, causing random, heritable null or partial loss-of-function mutations. In contrast, HDR uses homologous DNA as a template to create accurate repairs, guided either by a sister chromosome or by introduced homologous DNA to generate specific deletions or insertions in predictable ways (Chen et al. 2011; Bedell et al. 2012) . DSBs made by any site-specific nucleases should possess the capacity to enter the homology-directed repair pathway and generate precisely specified changes in the genome.
Effective nucleases with engineered specificity include the zinc-finger nucleases (ZFNs), the transcription activatorlike effector (TALE) nucleases (TALENs), and the RNAguided CRISPR-associated (Cas9) endonuclease (Urnov et al. 2010; Bogdanove and Voytas 2011; Jinek et al. 2012; Wiedenheft et al. 2012; Gaj et al. 2013; Wei et al. 2013) . ZFNs and TALENs contain fusions between the DNA cleavage domain of the FokI endonuclease and a customdesigned DNA-binding domain: either C 2 H 2 zinc-finger motifs for ZFNs or TALE domains for TALENs (Urnov et al. 2010; Carroll 2011; Cermak et al. 2011; Li et al. 2011; Miller et al. 2011; Mussolino et al. 2011) . DNA-binding domains of TALEs have a tandem array of repeat units, each 33-35 aa, in which the nucleotide-binding preference of a given repeat is determined by two adjacent amino acids called the repeat variable diresidue (RVD) (Boch et al. 2009; Moscou and Bogdanove 2009 ). In contrast, the RNA-guided CRISPR-associated Cas9 endonuclease generates DSBs at sites defined by a 20-nt guide sequence contained within an associated CRISPR RNA (crRNA) transcript (Gasiunas et al. 2012; Jinek et al. 2012) . Cas9 requires both the guide crRNA and a trans-activating crRNA (tracrRNA), which partially base pairs with the crRNA, to form active enzyme complexes that achieve site-specific DNA recognition and cleavage (Deltcheva et al. 2011; Jinek et al. 2012) . Cas9 can also be programmed with a single, chimeric fusion of crRNA and tracrRNA for effective DNA cleavage at a selected site (Jinek et al. 2012; Bassett et al. 2013; Chang et al. 2013; Friedland et al. 2013; Gratz et al. 2013; Shen et al. 2013; Wang et al. 2013; Xiao et al. 2013; Yu et al. 2013) .
The model nematode Caenorhabditis elegans (Wood et al. 2011; Friedland et al. 2013) and its relative C. briggsae (Wood et al. 2011 ), a species diverged by 15-30 MYR (Cutter 2008) , have succumbed to genome-editing strategies that yielded sitedirected, NHEJ-mediated random mutations, using nucleases with engineered target specificity. However, prior to our current studies, neither species had proved amenable to the site-directed manipulations necessary to introduce precise, HDR-mediated insertions or deletions at endogenous loci without traces of dominant genetic markers or other tools of genetic engineering. Furthermore, the genome-editing approaches had not been extended to male/female free-living species or nematode species having more unusual lifestyles, such as those with a necromenic association with plants or animals. While wholegenome sequencing has facilitated research beyond traditional model nematode species, lack of broadly effective reverse genetic tools has limited cross-species comparisons of gene function needed to explore biological mechanisms.
We report robust strategies, using TALENs and CRISPR/ Cas9 for targeted, heritable genome editing across nematode species diverged by 300 MYR (Dieterich et al. 2008) , the evolutionary time spanning living reptiles and mammals (Hedges and Kumar 2003) . Our protocols proved effective in every species tested: necromenic nematodes (Pristionchus pacificus), male/female species (Caenorhabditis species 9), and hermaphroditic species (e.g., C. elegans). These highly efficient strategies produced precise insertion and deletion of specific DNA sequences at designated endogenous loci. These genomeediting tools will enable nonmodel nematode species to become genetically tractable organisms.
We illustrate the utility of our widely applicable genomeediting strategies by creating tools and reagents of general use to the scientific community and ones specifically needed for analyzing the mechanism and evolution of X chromosome dosage compensation across nematode species. Dosage compensation ensures that males (1X) and females/hermaphrodites (2X) produce equivalent levels of X chromosome products despite having different doses of X chromosomes. In C. elegans, a dosage compensation complex (DCC) is recruited to both X chromosomes of hermaphrodites to repress transcription by half (Pferdehirt et al. 2011; Kruesi et al. 2013) through rex (recruitment element on X) sites that bind the DCC in a DNAsequence-dependent manner, using DNA motifs enriched on X (MEX) (McDonel et al. 2006; Jans et al. 2009 ). Pivotal to understanding dosage compensation is the ability to delete combinations of MEX motifs at endogenous rex sites and to insert MEX motifs into new sites on X or autosomes. We achieved those goals and also created reagents to explore the evolution of dosage compensation by deleting from a diverged nematode species the homolog of the C. elegans gene that triggers sexspecific assembly of the DCC onto X.
Materials and Methods

Construction of TALEN vector
To utilize the commercially available Golden Gate TALEN kit for TALEN construction, we modified our previously published TALEN backbone vector [pTY2551 (Wood et al. 2011) ] by adding BsmB1 restriction enzyme sites at appropriate positions to insert DNA encoding each TALE. We also modified the vector to include a marker to impose a selection for inserting the new TALE DNA.
The QuikChange Lightning site-directed mutagenesis kit (Agilent no. 210518) was used to modify pTY2551. Primers NTAL6F (59 ctcaccggggcccccCtgGaGACgaccccagaccaggt 39) and CTAL6R (59 cgccaccagatggtcGttGgAGaCGgcagccaacgcggga 39) were used to introduce the necessary BsmBI sites. Nucleotides in uppercase letters represent modified bases and nucleotides in lowercase letters represent unchanged bases. BsmBI sites are shown in boldface type. The ccdB selection cassette was then introduced using the BsmBI sites.
The ccdB cassette was amplified from the pDEST_R4-R3 gateway plasmid, using primers ccdBTALF (CCC TGG AGA CGA AAC ACA ACA TAT CCA GTC ACT ATG G) and ccdBTALR (CCC TGG AGA CGG AGG ATC CGG CT ACT AAA AGC). This fragment was subcloned into pcr2-1_TOPO vector, using the TOPO TA cloning kit. The TOPO-cloned ccdB cassette was digested with BsmBI, and the 714-bp ccdB fragment was gel extracted for ligation into a BsmBI-digested modified pTY2551 vector to create the final pTY2575 backbone vector. ccdB is a lethal gene that targets DNA gyrase (Bernard et al. 1994) . The pTY2575 plasmid can be maintained only in an Escherichia coli strain such as DB3.1, which carries a specific suppressor mutation in the gyrase. After transformation, only DH5a cells carrying plasmids with the desired TALE insert will be viable, because the plasmid will lack the lethal ccdB insert. pTY2575 also includes the T7 promoter necessary for in vitro transcription, the 59-and 39-UTRs necessary for germline expression, and the FokI domain required for DNA cleavage.
TALEN DNA construction
TALEs were designed using the TAL Effector Nucleotide Targeter 2.0 website. We used the following online program preferences: for TALEN architecture preference, Miller et al. 2011 ; for 59-most nucleotide, "T". The T is included as part of the TALE design, but is not shown in the construction design, because the T is already encoded in plasmid TY2575 used for TALEN assembly (Supporting Information, Figure S2 ).
TALENs were constructed using the Golden Gate TALEN kit ( Figure S2 ). We followed the protocol at http://www. addgene.org/TALefector/goldengate/voytas/ with one modification. The plasmids pTAL1, pTAL2, pTAL3, and pTAL4 were replaced with nematode species-specific plasmids having the appropriate 59-and 39-UTRs for germline expression: pTY2575 for Caenorhabditis and pTY2634 for Pristionchus. pTY2634 was constructed by replacing the 39-UTR from pTY2575 with the 39-UTR from Ppa-rpl-23. The Ppa-rpl-23 39-UTR sequence is 59 ATT GTT ATT GTT GAT TGT TAC GCG TGA TGC AAT AAA ATG TGT TAT GCG TTT 39. The Ppa-rpl-23 39-UTR and its flanking sequences were excised from pTY2606 with HindIII and StuI and gel purified. The pTY2575 plasmid was digested with HindIII, StuI, and BglII and gel purified to recover only the large HindIII-BglII vector fragment. Vector and 39-UTR fragments were ligated and transformed into DB3.1 bacteria. Final TALENs were sequenced using primers TALseq2 (59 TAA CAG CGG TAG AGG CAG TG 39) and TALseq3 (59 TCT CCT CCA GCT GCT CGC TCT TC 39).
TALENs were made using the code in Figure 1 , except for the following pairs that utilized the RVD NK as well as NN to recognize Gs: NK increases TALEN DNA-binding specificity, but even a limited number of NKs appear to decrease TALEN activity (see Table 1 ).
TALEN mRNA synthesis and injection TALEN mRNA was synthesized using the T7 mMessage mMachine kit (Ambion no. A1344), the Poly-A-Tailing kit (Ambion no. A1350), and the Megaclear kit (Ambion no. AM1908) as described in Wood et al. (2011) . TALEN mRNA (1000-1500 ng/ml) was injected alone for knockout experiments or with single-stranded DNA nucleotides (ssOligos) (50 ng/ml) for HDR-mediated knock-in experiments.
ssOligo design and synthesis ssOligos used as repair templates contained the desired insertion sequence flanked on both sides by 20-50 nt of target homology. ssOligos were synthesized by Integrated DNA Technologies (www.idtdna.com).
Mutant screening and isolation
For hermaphroditic species, mutants were screened and isolated according to the protocol ( Figure S1 ) described by Wood et al. (2011) , with the exception that the CEL-1 was made using the protocol described in Yang et al. (2000) through the dialysis procedure at the end of step I. For screening, F 1 animals laid 8-16 hr postinjection (25°C) were collected and then cloned 2 days postinjection into individual liquid culture wells in a 96-well format. Each liquid well contained 50 ml of S medium and HB101 bacteria (OD = 0.4). Once F 2 progeny were present and the wells lacked bacteria, aliquots of animals from each of 4 wells were pooled into a well for the CEL-1 assay. For example, 5 ml from well A1 of plates 1-4 was pooled into plate A, well A1, resulting in 20 ml. Lysis buffer (20 ml) was added to each well, and samples were frozen and then lysed (65°C for 1 hr, followed by 15 min at 95°C). Two microliters from each well was used as a template for PCR in a final reaction volume of 50 ml. S medium is inhibitory to the reaction when present in a ratio .1:25. The CEL-1 assay, which detects and cleaves mismatched DNA, was performed on the PCR products. The process was repeated with the single wells that comprised the positive pooled wells. Individual animals from positive single wells were picked into single wells and their progeny assayed to identify homozygous mutants.
For knock-in experiments that introduced a unique restriction site, PCR fragments were screened with both CEL-1 and the appropriate restriction enzyme. Five microliters of PCR product was digested in a 20-ml reaction for 1-2 hr.
Digests were visualized on a 2% agarose gel. The DNA sequence was then obtained from homozygous progeny. For knock-in experiments not introducing a unique restriction site, the DNA sequence of homozygous mutants from CEL-1-positive animals was obtained to determine whether an insertion event had occurred.
For male/female species, mutants were screened and isolated in the following manner ( Figure S1 ). Male/female matings were set up 24 hr prior to injection. Mated females were injected with TALEN mRNA. Progeny were isolated from 8 to 16 hr postinjection and allowed to mature. Matings (one L4 female and one sibling male) were set up in 96-well microtiter plates containing agar rather than liquid medium. Each well had 100 ml of NGM agar and OP50 bacteria. Animals were allowed to mate and produce progeny until the wells lacked bacteria. Animals from starved wells were resuspended in 40 ml of S medium, and 5-20 ml was removed and pooled for screening.
The homozygous C. sp 9 sdc-2(y516) mutant strain derived from this protocol is inviable. The strain is maintained through a cross between sdc-2(y516)/+ XX females and sdc-2(y516) XO males, with frequent monitoring by PCR.
FLP/FRT experiment
FRT sites flanking rex-32 were inserted sequentially. The 59-FRT was inserted first, using TALENs (pTY2632 and pTY2633) and an ssOligo that contained the FRT sequence and 20 nt of rex-32 homology on either side. The 39-FRT site was next inserted using TALENs pTY2627 and pTY2628 and an ssOligo containing the FRT site and 40 nt of homology on either side. The length of the homology arms was increased to minimize binding to the previously inserted 59-FRT site and to optimize binding to the homologous regions flanking the desired insertion site. RNA synthesis, injection, and screening were performed as described above. rex-32 was excised from animals containing both FRT sites, using FLP recombinase, which was introduced into the gonad by injecting FLP-encoding RNA at concentration of 1500 ng/ml. RNA was made by in vitro transcription from a PCR fragment containing the T7 promoter, the FLP recombinase sequence, derived from pGC92 (Voutev and Hubbard 2008) , and 59-and 39-UTRs appropriate for germline translation of C. elegans mRNAs: 59-UTR, ATT TAG GTG ACA CTATAG AAT ACA CGG AAT TCT AGA TGA TCC CCG CGT ACC GAG CT CAGA AAAA; 39-UTR, GCC TGA GCT CAC GTC GAC CGG GGC CCT GAG ATC TGC TGC AG.
Animals laid 8-16 hr postinjection at 25°C were collected and screened via PCR according to the protocol from Wood et al. (2011) as described above. In a separate experiment, FLP recombinase was supplied by the DNA plasmid pGC92 injected into the gonad.
P. pacificus Western blot
For the Western blot to demonstrate that UNC-119 carried the HA tag, 10 ml of mixed-stage worms were combined with 43 sample buffer [125 mM Tris-HCl (pH 6.8), 20% glycerol, 4% SDS, 10% b-mercaptoethanol, 0.5 mg/ml bromophenol blue] and frozen. Frozen samples were boiled for 5 min, spun at maximum speed in a microcentrifuge for 5 min, and electrophoresed through a 12% acrylamide gel. Standard Western blot protocols were used, and the blot was probed with anti-HA primary antibody (1:1000) (Abcam no. ab1424) and donkey anti-mouse HRP secondary antibody (1:5000) (Jackson ImmunoResearch no. 715.035.151).
Construction of cas9 DNA
The Streptococcus pyogenes cas9 gene, which is codon optimized for eukaryotic expression and carries a C-terminal HA-2xNLS-mCherry-2xNLS fusion tag, was constructed as follows. Oligonucleotides pTY forward (59-GAC ACG GAA TTC TAG ATA ATC CCC GCG TAC CGA GCT CAG AAA AAA TGG ACA AGA AGT ACA GCA TCG G -39) and pTY reverse (59-TCG ATC GTC GAC GTG AGC TCA GGC TCT AGA CTA TTA GTC CAC-39) were used to PCR amplify the cas9 fusion gene from pDD921 plasmid (a gift from Diane Dickle at Lawrence Berkeley National Laboratory), using Phusion DNA polymerase (NEB). The PCR DNA was digested with EcoRI and SalI (NEB) and ligated into pTY2575 between EcoRI and SalI sites. The resulting cas9 construct (pTY2631) is flanked by a 59-UTR (59-GAA TAC ACG GAA TTC TAG ATA ATC CCC GCG TAC CGA GCT CAG AAA AA-39) and a 39-UTR (59-GCC TGA GCT CAC GTC GAC CGG GGC CCT GAG ATC TGC TGC AG-39) and expressed from the T7 promoter. The plasmid DNA was extracted by the QIAprep Spin Miniprep kit (QIA-GEN, Valencia, CA) and DNA sequencing was performed by Quintara Biosciences. Cas9 mRNA was synthesized using the T7 mMessage mMachine kit (Ambion no. A1344), the Poly-ATailing kit (Ambion no. A1350), and the Megaclear kit (Ambion no. AM1908), as described in Wood et al. (2011) .
Preparation of S. pyogenes Cas9 tracrRNA and crRNA
The tracrRNA and crRNA were synthesized in vitro by T7 transcription, using oligonucleotide templates carrying the T7 promoter sequence. The tracrRNA template was PCR amplified from S. pyogenes M1 GAS genome DNA, using oligonucleotides OLEC1521 (59-GAA ATT AAT ACG ACT CAC TAT AGA AAA CAG CAT AGC AAG TTA AAA TAA-39) and OLEC1522 (59-AAA AAA AGC ACC GAC TCG GTG CCA C-39) as described by Jinek et al. (2012) . The S. pyrogenes bacterium and genomic DNA are available from the American Type Culture Collection (Rockville, MD). The crRNA3 template was annealed from oligonucleotides twGFP T (59-TAA TAC GAC TCA CTA TAG CTC ACA CAA TGT ATA CAT CAG TTT TAG AGC TAT GCT GTT TTG-39) and twGFP B (59-CAA AAC AGC ATA GCT CTA AAA CTG ATG TAT ACA TTG TGT GAG CTA TAG TGA GTC GTA TTA-39) by heating to 70°and cooling to room temperature. The in vitro T7 transcription reaction consisted of 50 mM tris(hydroxymethyl)aminomethane (pH 8), 5 mM MgCl 2 , 0.1% Triton X-100, 100 mM spermidine, 1 mM dithiothreitol, 5 mM rNTP, 1 mM DNA template, and 100 mg/ml of purified recombinant T7 polymerase in diethylpyrocarbonate-treated water. The reaction was incubated at 37°C for 5 hr and quenched with 50% formamide containing 10 mM ethylenediaminetetraacetic acid and 0.01% bromophenol blue. The RNA mixture was resolved in a 10% denaturing polyacrylamide gel containing 7 M urea. The RNA band was excised and the RNA was eluted in 10 vol of 0.2 M sodium acetate (pH 5) at 4°C overnight. The RNA was then precipitated with isopropanol, washed with 70% ethanol, and dried under vacuum. The tracrRNA and crRNA were dissolved in EB buffer (QIAGEN) and reannealed by heating to 50°C and cooling on ice.
Cas9 injections
The concentrations for the multiple crRNA:tracrRNA dualguide RNA injection into strain EG4601 (Ppie-1::gfp::his-33) were as follows: Cas9 mRNA, 459 ng/ml; tracrRNA, 1238 ng/ml; crRNA1, 289 ng/ml; crRNA3, 291 ng/ml; crRNA4, 291 ng/ml; and crRNA6, 291 ng/ml. Prior to injection, the crNRA and tracrRNA were mixed in a tube and allowed to anneal by heating to 50°C for 10 min and cooling to room temperature prior to adding the Cas9 mRNA. Concentrations for the Cas9 mRNA, crRNA3:tracrRNA dual-guide injection into strain EG6171 (Peft-3::gfp) were as follows: Cas9 mRNA, 500 ng/ml; crRNA3, 1248 ng/ml; and tracrRNA, 1248 ng/ml. The concentrations for the single-guide RNA injections into EG6171 were as follows: Cas9 mRNA, 500 ng/ml or 800 ng/ml; and sgRNA3, 2000 ng/ml. RNA injections and progeny screening were carried out using the protocols described above.
Cas9 in vitro DNA cleavage reactions
The Cas9 DNA cleavage reactions with either single-guided (sg)RNA or dual crRNA:tracrRNA were performed in a manner similar to that in Jinek et al. (2012) , except the molar ratios for Cas9:guide RNA:target DNA were 0.5:1:0.5 mM ( Figure 7D and Figure S4 , A and B). The experimental design and concentrations of reagents for the dose-dependent DNA cleavage reactions using sgRNAs are provided in the legend to Figure S5 .
Results
Precise, heritable DNA insertions can be achieved in C. elegans by homology-directed repair of TALENinduced DSBs
To establish a strategy in C. elegans for the precise insertion of specific DNA sequences at specifically targeted locations in vivo, we first asked whether exogenously supplied singlestranded DNA could be used as a template for HDR of DSBs induced by TALENs, as shown for zebrafish (Bedell et al. 2012) . In the initial experiment, we tested the efficacy of a synthetic ssOligo to guide the replacement of a PsiI restriction site (TTATAA) in the ben-1 locus with an NcoI site (CCATGG) ( Figure 1 and Table 1 ). The donor ssOligo spanned the TALEN cut site near the PsiI site and carried an NcoI site flanked on both sides by 20 nt of DNA homologous to ben-1 sequences. This experimental design allowed us to screen for all TALEN-induced mutations by molecular genotyping, using the CEL-I DNA mismatch assay, and all HDR-mediated NcoIinsertion mutations, using a restriction enzyme digest. Nuclease activity and HDR-mediated insertions were attained in germ cell nuclei by micro-injecting in vitro transcribed TALEN mRNAs and ssOligos into the gonad syncytium of young adult hermaphrodites. This method simultaneously exposes many germ cell nuclei to the nuclease and ssOligo, enabling multiple independent mutagenic events to occur within a single injected parent. Mutagenesis occurs at such high frequency that mutants are readily identified through the CEL-I assay, without reliance on visual phenotype.
From 15 animals injected with the ssOligo and mRNA encoding ben-1 TALENs, 548 F 1 progeny were screened, and 22 independent mutations (4.0% frequency) were identified and verified by DNA sequence. Six (27% of all mutations) had precise NcoI substitutions with no other changes, 6 had imprecise insertions containing the NcoI site, and 10 had NHEJ-mediated knockouts (Table 1) . Thirty percent of injected animals had mutant progeny, and a single injected animal produced both NHEJ-mediated knockouts and precise HDR-mediated knock-ins. For example, one animal produced six NHEJ events and three precise knock-ins. This proof-of-principle experiment established a robust knock-in protocol for C. elegans ( Figure S1 ) and thereby set the stage for all subsequent cross-species genome-editing experiments in this study.
Targeted insertion of different sequences at a single locus in one experiment
To improve the efficiency of inserting different sequences at a single site, as would be useful for creating an allelic series of mutations in a gene, we asked whether simultaneous introduction of several different ssOligos during a single injection experiment would yield precise insertion of different sequences in different progeny. We introduced mRNA for ben-1 TALENs and ssOligos, encoding three different restriction sites (NcoI, EcoRI, and HindIII) into 10 animals. From 440 F 1 progeny, 12 mutations were obtained. Six mutations contained indels from NHEJ events, and 6 mutations had precise insertions: two of the NcoI site, three of the EcoRI site, and one of the HindII site ( Figure 1 and Table 1 ). This experiment demonstrates the ease and efficiency in obtaining multiple different mutations, both NHEJ-mediated deletions and precise HDR-mediated insertions, within a single gene. The strategy permits the recovery of multiple classes of alleles, null, hypomorphic, hypermorphic, and antimorphic, in the same experiment.
Application of the targeted insertion strategy to obtain codon substitutions for the gene encoding SUMO Many biological processes are regulated by the covalent attachment of a SUMO protein to critical cellular targets (Geiss-Friedlander and Melchior 2007) . The C. elegans dosage compensation process is exemplary. Subunits of the DCC are SUMOylated, and SUMOylation is critical for the sex-specific assembly of the DCC onto X chromosomes (Pferdehirt and Meyer 2013) . To analyze in detail the role of SUMO in regulating the activities of these proteins, the lysine residues that serve as attachment sites for SUMO modifications must be identified. The amino acid composition of wild-type SUMO makes it difficult to identify the modified residues by the traditional method of proteolysis followed by mass spectrometry. However, protocols requiring expression of a SUMO Figure 1 Precise, targeted DNA insertions mediated by homology-directed repair of TALEN-induced DSBs. In a single experiment, animals were injected simultaneously with RNA encoding a ben-1 TALEN pair and three different ssOligos encoding different restriction sites (NcoI, HindIII, and EcoRI) designed to replace the endogenous PsiI site (TTATAA) shown in red. Shown are examples of the HDR-mediated mutations resulting from the single set of injections. Mutations include all three precisely inserted restriction sites and two NHEJ-mediated mutations causing a deletion or an indel. The TALE recognition sequences within ben-1 are shown adjacent to the color-coded repeat variable diresidues (RVDs), which recognize specific nucleotides (nt) of the DNA target site according to the code shown in the key. The locations in ben-1 DNA of the 20-nt homology arms used in each ssOligo are designated by a green line. Each ssOligo is composed of only the 6-nt restriction site to be inserted and the flanking 20-nt homology arms. Shown are data from all the genome-editing experiments described in the text. The target locus, the DSB-inducing agent, the species, and the types of modifications, including their quantification, are provided. For the knock-in experiments, the inserted sequence is listed, as indicated by "+". For all experiments, the number of animals injected is provided along with the number of F 1 s screened from the 8-to 16-hr window postinjection. Because only one of the two gonad arms was injected in each animal, only half the F 1 s scored had the possibility of receiving a mutation. The frequency was not corrected for this fact. For both knock-in and knockout experiments, the total number of mutations recovered is shown, along with the percentage of total mutations relative to number of F 1 s screened. For knock-in experiments, three classes of mutations were found: NHEJ-mediated deletions, HDRmediated imprecise insertions, and HDR-mediated precise insertions. Shown are the total number of knock-ins (precise and imprecise), the number of precise knock-ins, and the number of NHEJ-mediated deletions. The percentage of precise knock-in mutations relative to the total number of mutations is also shown.
variant in vivo have been devised for efficient identification of SUMO-modified lysines (Wohlschlegel et al. 2006 ). We applied our strategy for obtaining precise sequence changes at endogenous loci to create smo-1 gene variants encoding SUMO proteins with either an L88K or an L88KA substitution (Figure 2 ). L88K improves the efficiency of trypsin cleavage, and L88KA improves cleavage and differentiates between SUMOylated and ubiquitinated substrates. Although the frequency of mutagenesis was relatively low for this experiment (0.3%), all of the mutants recovered carried precise knock-ins of the desired codons (Table 1) . The SUMO variant is not only useful for the identification of SUMOylated residues on DCC subunits, but also generally useful to the entire C. elegans community for identifying SUMOylated targets in any biological processes.
Targeted HDR to create deletions close to and far from the DSB site
Effective genome-editing strategies must permit the precise deletion of specific sequences in the loci of choice. We developed protocols for this purpose, using the mutagenesis of DCC binding sites as a model. Critical for DCC recruitment to rex sites on X is the 12-bp MEX motif that occurs preferentially at rex sites and is enriched on X chromosomes relative to autosomes (Jans et al. 2009; Pferdehirt et al. 2011) . Many rex sites contain multiple MEX motifs. To understand DCC recruitment to rex sites we used our genome-editing strategies to create strains carrying (1) endogenous rex variants with different combinations of MEX deletions and (2) insertions of MEX motifs on autosomes or at new locations on X chromosomes. We first created a MEX insertion strain to determine whether a single MEX motif is sufficient to recruit the DCC to an autosome. For this purpose, we inserted the motif into a region on chromosome III that lacks DCC binding, using the appropriate TALENs and an ssOligo that contained the 12-bp MEX motif flanked by 20 nt of homology on either side ( Figure 3A ). Seven mutants were isolated from the 382 F 1 progeny of 12 injected hermaphrodites (Table 1) . Of these mutants, four carried precise 12-bp MEX insertions from HDR, and three carried NHEJ-mediated indels ( Figure 3A) . We next targeted rex-1 to obtain a deletion of either one MEX motif or two. This rex site was of particular interest to us because our previous efforts with ZFNs did not result in the series of allelic mutations we desired. All of the 32 ZFNinduced NHEJ deletions occurred to one side of the motif, and only one mutation deleted into the motif, removing only the first 2 bp (Wood et al. 2011) . Using the scheme presented in Figure S2 , we designed and synthesized a pair of TALENs that positioned the DSB in the middle of the first MEX motif. We obtained 12 NHEJ-mediated mutations from 479 F 1 s (2.5%), 8 of which disrupted the core of the motif ( Figure 3B and Table 1 ). This result showed that our previous failure to isolate a motif-disrupting mutation was due to limitations of the ZFNs rather than an inherent difficulty in mutagenizing the rex site.
The repetitive nature of the rex-1 locus made it impossible to design TALENs that would create a DSB within the second motif. We therefore adopted an alternative experimental strategy to delete both motifs simultaneously, using the original rex-1 TALEN pair to create a DSB within the first MEX motif and an ssOligo to drive precise HDR-mediated deletion of DNA up to 77 bp from the DSB, removing both MEX motifs ( Figure 3C ). The ssOligo contained longer homology arms (49 nt and 50 nt) than those of oligos used to insert only short sequences. The ssOligo also carried the sequence CAT between the homology arms to create a unique NcoI site from the desired HDR-mediated event. The experiment was very successful. Of 85 mutations obtained from 648 F 1 s, 24 had an HDR-mediated deletion, 12 of which were precise. Our genome-editing experiments show that deletions of different sizes can be engineered either immediately adjacent to the DSB by NHEJ or distant from the DSB by HDR, thereby providing flexibility in the choice of DNA sequences targeted by TALENs and hence in TALEN design.
Targeted insertion of FRT sites to obtain large precise deletions through FLP recombinase-FLP recognition target (FLP-FRT) recombination in the germline
Effective genome editing requires the ability to delete large stretches of genomic DNA. We therefore devised a general strategy for obtaining large precise deletions, using the FLP recombinase-FLP recognition target (FLP-FRT) recombination system (Golic and Lindquist 1989) , and applied it first to rex sites containing multiple DCC-binding motifs spanning #1 kb (Figure 4, A-D) . For the purpose of eliminating all DCC-binding activity at such rex sites, removal of each motif individually would be far more labor intensive than simply deleting the entire site. We designed and synthesized two sets of TALENs to insert a 34-bp FRT site at the 59 and 39 ends of the rex-32 locus, which contains four strong MEX motifs. Insertion of the 59-FRT was accomplished with an ssOligo that carried the 34-bp FRT sequence and 20-nt homology arms ( Figure 3B) . Insertion of the 39-FRT in the strain carrying the 59-FRT insertion was then achieved by using an ssOligo with 40-nt homology arms to increase the probability of HDR being driven by homology arm sequences rather than by FRT sequences ( Figure 3B ). For both FRT insertions, all of the knock-ins were precise, and they represented 40% and 75%, respectively, of all TALEN-mediated mutations for the 59 and 39 ends (Table 1) .
To catalyze the FLP-FRT recombination event that would excise rex-32, RNA encoding the FLP recombinase was injected into the gonads of FRT-containing animals. RNA injections have the advantage over DNA injections in that deletions detected in F 1 progeny result from a heritable germline recombination event in the injected animal rather than a nonheritable somatic recombination event in the progeny. From 611 F 1 progeny derived from 18 RNA-injected animals, four precise deletions were detected by PCR and verified by DNA sequence analysis (Figure 4, C and D) . The RNA protocol is simple and efficient. Furthermore, it is faster and less labor intensive than a DNA-based protocol for delivering FLP recombinase, which we also performed successfully. Only two heritable, precise rex-32-deletion strains were recovered from 1007 F 1 s, despite having eight positive lines that required tracking for multiple generations. The DNA injections resulted in heritable extrachromosomal arrays that expressed FLP in the progeny, causing somatic, nonheritable recombination events that complicated the analysis. The FLP-FRT system works effectively to delete up to 659 kb in Drosophila (Parks et al. 2004 ) and should be equally effective in nematodes.
Genome editing in Caenorhabditis species 9, a male/ female species Entire genome sequences are available for numerous species, but lack of reverse genetic tools has hindered cross-species comparisons of gene function. We previously applied our C. elegans nuclease delivery and mutant screening procedures, without modification, to C. briggsae, a hermaphroditic species diverged by 15-30 MYR (Cutter 2008) , to explore the evolution of dosage compensation (Wood et al. 2011) . We were interested in extending our genome-editing protocols to the male/female strain Caenorhabditis sp. 9 because it forms fertile hybrids with C. briggsae and therefore permits direct crossspecies comparisons of gene function in vivo ( Figure 5 ). We changed our general protocol for genome editing to accommodate male/female species by switching the growth conditions to agar-filled microtiter wells, rather than liquid-filled wells, to permit mating ( Figure S1 ). We specifically targeted the dosage compensation gene sdc-2, which triggers sexspecific assembly of the DCC onto X in both C. elegans and C. briggsae, to discover whether its function is conserved in Caenorhabditis (C.) sp. 9 and whether sdc-2 from C. briggsae can function in fertile C. sp. 9/C. briggsae hybrids or vice versa. Although the C. sp. 9 strain JU1422 is not very fertile, we were able to obtain one TALEN-induced, NHEJ-mediated deletion of sdc-2 from 42 F 1 s that came from 42 injected females. The 14-bp deletion is predicted to cause a truncation of the 350-kDa protein after only 22 aa. The homozygous sdc-2(y516) mutant strain is inviable, yet the hemizygous sdc-2(y516) mutant males appear wild type and sire viable progeny when mated to wild-type females. The XX-specific defects causing inviability of the strain are consistent with a severe disruption in dosage compensation. Successful genome editing in C. sp. 9 opens the way to direct structurefunction analysis in C. briggsae/C. sp. 9 hybrids of proteins involved in many biological processes.
Genome editing in the necromenic nematode P. pacificus enabled the production of tagged proteins from endogenous loci
To test the efficacy of our genome-editing strategy across highly diverged species, we applied our protocols to the necromenic shows the relative location of DCC binding motifs (red). The same TALEN pair used in B was employed to induce a DSB within the first MEX motif. The DSB was repaired by an ssOligo, including homology arms and the sequence CAT, which guided the HDR event to delete both MEX motifs. The precise deletion event was designed to remove 77 bp and insert the nucleotides CAT to create an NcoI site. (D) Agarose gel of PCR products from a rex-1 deletion strain and a wild-type strain verify the deletion. The PCR product from a precise deletion event is 326 bp. NcoI digestion of the Δ rex-1 PCR product yields a 244-bp fragment and a 82-bp fragment. The PCR product from a wild-type strain is 400 bp. The precision of the deletions was confirmed by DNA sequence.
nematode P. pacificus, a hermaphroditic species diverged from C. elegans by 300 MYR (Dieterich et al. 2008) . P. pacificus lives in close association with scarab beetles and often feeds on the bacteria, fungi, and nematodes growing on dead, rotting beetles. P. pacificus can be cultured in the laboratory on agar plates containing bacteria used for culturing C. elegans. We modified our protocol solely by replacing the 39-UTR used for translation of TALEN mRNAs in germlines of Caenorhabditis Figure 4 FLP-FRT-mediated deletion of the rex-32 DCC binding site. (A) Diagram of rex-32 (gray) with its four DCC binding motifs (blue) and the scheme to delete it. FRT sites (red) were inserted at opposite ends of rex-32 via HDR, using the TALENs and ssOligos shown in Figure S3 . RNA encoding FLP recombinase was introduced into the germline of the FRT-containing animals, and F 2 animals were screened by PCR for the deletion events. (B) DNA sequences of regions carrying the 59-and 39-FRT insertions. They are identical to those of the ssOligos used to make the FRT insertions. (C) Agarose gel of PCR products from a homozygous rex-32 deletion strain (360 bp), a heterozygous strain bearing the rex-32 deletion in trans to the FRT-containing rex-32, a homozygous rex-32 FRT strain (1251 bp), and a wild-type strain (1183 bp). The PCR product from the wild-type strain is smaller because it lacks the FRT inserts. The gel verified the deletion, and (D) DNA sequence analysis confirmed that the deletion was precise.
species with the 39-UTR from the Pristionchus gene rpl-23, shown previously to permit efficient germline RNA translation (Schlager et al. 2009 ). We initially targeted unc-119 with TALENs to provide the community with a mutant strain enabling unc-119(+) to be used as a co-injection marker for DNA transformation experiments, as in C. elegans. We recovered 34 (6.8%) independent NHEJ-mediated deletions in unc-119 from 501 F 1 progeny of 16 injected animals ( Table 1) . The phenotype is strongly Unc.
We next assessed whether our C. elegans insertion strategy would be effective in P. pacificus. We mutagenized the unc-119 locus, using TALENs and an ssOligo designed to insert a HindIII site. From 327 F 1 progeny screened from 11 injected animals, 18 total independent mutations were obtained (5.5%): 12 had NHEJ-mediated deletions and 6 had the HindIII insertion, 3 of which were precise insertions ( Table 1) .
The ability to tag proteins made from an endogenous locus controlled by normal regulatory mechanisms is invaluable for assessing protein function in vivo. Having established the efficacy of the insertion strategy in P. pacificus, we used the strategy to modify the endogenous unc-119 gene to encode an UNC-119 protein with an HA tag at its N terminus ( Figure  6A ). We inserted a 27-bp sequence encoding the 9-aa HA tag immediately after the ATG translation start codon. Of 504 F 1 progeny screened from 15 injected animals, we obtained 12 mutants carrying NHEJ-mediated indels and deletions and 5 Figure 5 Genome editing in male/female species. (A) Evolutionary tree for nematode species spanning 300 MYR, from the male/female free-living strain C. sp. 9 to the necromenic nematode strain P. pacificus. Our prior studies described genome editing in C. elegans and C. briggsae (blue), and our current studies describe genome editing for C. sp. 9 and P. pacificus (red). (B) For male/female species, the TALEN mRNA is introduced into females that have been mated overnight. (C) NHEJ-mediated deletion of sdc-2 in C. sp. 9. Shown is a segment of the sdc-2 gene and the TALE recognition sequences (black lines) used to target a DSB. Sequence of the 14-bp deletion in sdc-2 meditated by NHEJ is shown.
mutants carrying HDR-mediated insertions, all of which had precise insertions of the tag (Table 1) . None of the insertions caused an Unc phenotype. A Western blot of all five insertion strains using the HA antibody as a probe showed that the UNC-119 protein had indeed been tagged ( Figure 6B) . None of the controls, neither the wild-type strain (PS312) nor the unc-119 deletion strains from the experiment, were positive for HA antibody staining. These experiments show that our genome-editing protocols are easily portable to species across a broad span of evolutionary time.
RNA-programmed genome editing using the CRISPR/ Cas9 system TALENs have proved to be highly effective and efficient tools for targeted genetic reprogramming. They have enabled us to establish robust protocols for the precise insertion and deletion of desired sequences at designated loci. However, their use is somewhat constrained by the need to engineer new proteins for each DNA target site. Knowing that protocols designed to deliver site-specific nucleases to the germline and to manipulate nematode genomes through homology-directed DNA repair should be readily transferable to any site-specific nuclease, we directed our efforts toward harnessing the clusters of regularly interspaced short palindromic repeats (CRISPR) CRISPR/Cas9 system, an RNA-guided DNA surveillance system found in bacteria, for use in nematodes.
CRISPR/Cas loci encode RNA-guided adaptive immune systems that identify and destroy foreign DNA (Bhaya et al. 2011; Terns and Terns 2011; Wiedenheft et al. 2012) . Unlike the types I and III CRISPR/Cas systems, which are composed of multiprotein surveillance complexes, the type II systems require only a single protein, Cas9, to detect and cleave foreign DNA (Sapranauskas et al. 2011) . Cas9 generates blunt DSBs at sites defined by a 20-nt guide sequence contained within an associated crRNA transcript (Gasiunas et al. 2012; Jinek et al. 2012) . Cas9 requires both the guide crRNA and a tracrRNA that is partially complementary to the crRNA for site-specific DNA recognition and cleavage (Deltcheva et al. 2011; Jinek et al. 2012) . The crRNA:tracrRNA complex can be redesigned as a single chimeric transcript (termed sgRNA) encompassing the features required for both Cas9 binding and DNA target site recognition (Jinek et al. 2012) . Using either the sgRNA or separate crRNAs and tracrRNAs, Cas9 can be programmed to cleave double-stranded DNA at any site defined by the guide RNA sequence and the NGG protospacer-adjacent motif (PAM) (Sapranauskas et al. 2011; Jinek et al. 2012) . Recent experiments have demonstrated the utility of Cas9-sgRNA complexes for genome engineering in various eukaryotic cell types and whole organisms (Bassett et al. 2013; Chang et al. 2013; Friedland et al. 2013; Gratz et al. 2013; Hwang et al. 2013; Jinek et al. 2013; Mali et al. 2013; Shen et al. 2013; Wang et al. 2013; Xiao et al. 2013; Yu et al. 2013) .
Our initial attempts at genome editing using Cas9-sgRNA complexes to target the ben-1 locus with three different sgRNAs in multiple experiments were unsuccessful.
We reasoned that dual crRNA:tracrRNA RNA guides might be more effective in vivo for C. elegans than single chimeric sgRNA guides, as observed in some cases for mammalian cells (Cong et al. 2013) . We therefore made use of dual RNA guides to target a single-copy, integrated transgene encoding a bifunctional GFP::histone 2B fusion protein expressed solely in the C. elegans germline. We simultaneously introduced tracrRNA, mRNA encoding Cas9, and four different crRNAs to target different sites in gfp. We recovered one gfp mutant carrying a 5-bp deletion that eliminated GFP function ( Figure  7, A-C) . The general small brood size of the transgenic strain made it difficult to recover the three other independent mutants detected by molecular phenotyping of gfp.
After determining the crRNA that was successful in the dual crRNA:tracrRNA guide experiment from DNA sequence analysis of the mutant, we performed an experiment to compare the efficiency of mutagenesis in vivo of a dualcrRNA:tracrRNA guide vs. a single chimeric sgRNA guide with identical DNA target sequence ( Figure 7A ). For this experiment, we targeted a different single-copy gfp transgsene, one expressed universally in both the germline and the soma (Peft-3::gfp). In two separate experiments using the sgRNA, we examined 1034 F 1 progeny from 30 injected animals and found no mutations. In contrast, the crRNA:tracrRNA complex was again successful for the mutagenesis. From 686 progeny of 21 injected animals, we recovered eight independent NHEJ-mediated mutations (1.2% frequency) (Table 1) . Curiously, the frequency of mutagenesis was on par with the frequency from TALENs, but the proportion of insertions, deletions, and indels differed. Deletions and indels are common for TALEN-mediated mutations, but insertions are very rare (,1%). However, in this small Cas9 experiment, the distribution of mutations included a high proportion of insertions: three insertions, two deletions, and three indels.
To understand the basis for the difference in efficacy of the two classes of RNAs in vivo, we performed Cas9-mediated DNA cleavage assays in vitro to compare the dual-crRNA: tracrRNA-Cas9 complex with the chimeric sgRNA-Cas9 complex, using a molar ratio of complexes to target DNA that would reveal a difference in the efficiency of the cleavage reactions, should one exist. We found the dual-crRNA:tracrRNA:Cas9 cleavage reactions to be more efficient than the sgRNA:Cas9 cleavage reactions ( Figure 7D ). This result was true for four other guide RNAs, two targeting other gfp regions and two targeting a rex site ( Figure S4, A and B) . The in vitro reactions appear to be good predictors for the success in vivo of RNA-delivered Cas9 experiments.
In a further experiment we assessed DNA cleavage in vitro, using different concentrations of sgRNAs and Cas9 protein ( Figure S5 ). This experiment provides evidence that sgRNAs can be inhibitory under certain conditions and that RNA misfolding is one likely reason for the observed inefficiencies of sgRNAs, although additional factors are probably involved. Together, our Cas9 experiments demonstrate that Cas9-crRNA:tracrRNA complexes function well in C. elegans and provide an efficient and facile tool for RNA-directed reprogramming of genetic information at designated loci.
Discussion
The genetic tools used to manipulate the model organism C. elegans were not previously capable of generating specifically designated nucleotide changes in genomic locations of choice. Not possible, for example, was the ability to modify endogenous loci for the purposes of tagging proteins, perturbing gene function in specific ways, marking chromosomal locations, or changing the position and number of cis-acting regulatory sites. Our genome-editing strategies using CRISPR/Cas9 and TALENs make such custom-designed changes possible not only for C. elegans, but also for nematode species spanning at least 300 MYR of evolutionary divergence, including necromenic nematodes and free-living male/female species. We show that efficient and facile tools now exist for reprogramming genetic information in the germline by the insertion or deletion of specific sequences at any designated locus. Nonmodel nematode species can now be as genetically tractable as model species, thus expanding the repertoire of biological questions to be addressed and the means by which hypotheses can be tested. Precise genome editing provides the opportunity to conduct functional evolutionary studies of diverse biological In vitro DNA cleavage assays comparing the effectiveness of Cas9-crRNA:tracrRNA and Cas9-sgRNA complexes. Double-stranded DNA cleavage was tested in time-course reactions, using the molar ratio of Cas9:guide RNA:target DNA as 0.5:1:0.5 mM. Reactions were conducted at 37°. The in vitro assays show that the dual RNA guides are more effective at promoting DNA cleavage than the sgRNAs, a finding that recapitulates our results in vivo demonstrating that the dual RNA guides are more effective at promoting mutations than the single RNA guides. M, 100-bp markers.
processes, including one of particular interest to us, dosage compensation.
Two key elements were necessary for advancing the genome-editing technology: (1) the rapid construction and efficient germline delivery of DNA nucleases with engineered target specificity and (2) the ability to exploit DNA damage responses to repair DSBs, using exogenous DNA templates carrying desired sequences. In previous work, we developed an effective mRNA injection strategy to deliver and express ZFNs and TALENs in the germline as well as an efficient strategy to assay putative progeny for NHEJ-mediated mutations. Our current work extended these strategies to achieve RNA-programmed genome editing, using CRISPR-associated Cas9 nuclease. We also expanded the technology to achieve the targeted insertion and deletion of specific DNA sequences, using ssOligos as templates for homology-directed DSB repair. This technology can now be used to achieve homologydirected repair of DSBs made by any engineered nucleases.
Our targeted insertion strategy offers many advantages. It is highly effective. In 7 of 10 experiments, precise insertions represented 100% of all insertions, and in the remaining 3 experiments, they represented 50%. Furthermore, precise insertions comprised a large fraction of all mutations, ranging from 14% to 100%, with a median of 46%. This high frequency makes practical, as demonstrated, the use of several different ssOligos simultaneously to insert different sequences into one locus in a single experiment. This approach permits an allelic series of mutations to be made with ease in one gene in the same experiment.
The insertion strategy is rapid. Four days after injection, molecular genotyping via the CEL-1 mismatch assay revealed the success of the mutagenesis. This speed of analysis is attributable to two factors. First, the frequency of mutagenesis is sufficiently high that identification of mutations requires only a molecular signature, without need for a visual phenotype or genetic selection. Thus, F 1 progeny can be scored just after they have reproduced sufficiently to sustain the strain. Second, germline-injected mRNAs used to deliver nucleases and recombinases (TALEN, Cas9, and FLP) are very short lived compared to germline-injected DNAs. Thus, discovery of mutant F 1 progeny by the CEL-1 assay indicates the mutations are heritable rather than the consequence of DSBs arising in the somatic tissues of F 1 s due to enzymes made from inherited DNA arrays. Moreover, the RNA delivery method obviates the need to engineer expression vectors for each different species. Only the 39-UTR needs to be changed to ensure germline translation in non-Caenorhabditis species.
Another group recently reported the application of CRISPR/Cas9 to induce NHEJ-mediated random mutations at DSB sites in C. elegans, using DNA extrachromosomal arrays to express Cas9 and sgRNAs (Friedland et al. 2013) . Success with sgRNAs is likely due to the higher concentration of Cas9 achieved by their expression from DNA arrays. Thus, both Cas9 delivery approaches are successful, as are both chimeric sgRNA guides and dual crRNA:tracrRNA guides, but the Cas9 RNA delivery scheme we used is more successful with dual RNA guides than with sgRNA guides. RNA delivery of Cas9 also has the advantages listed above. Greater efficacy in vivo of dual RNA guides compared to sgRNA guides has been observed previously (Cong et al. 2013 ) and is likely due to better RNA folding of the dual guides.
Our genome-editing strategy yields precise, clean mutations, without other molecular traces near the endogenous locus. In contrast, a homologous repair event guided by a coinjected DNA plasmid occurs at a lower frequency than repair from an ssOligo template, requiring that both a selection and a counterselection be utilized. That approach leaves a genetic marker near the endogenous locus and is significantly slower than the approach we used, requiring weeks rather than days to recover the insertion (Frokjaer-Jensen et al. 2012) .
Because the insertion strategy permits endogenous changes to occur at some distance from the DSB, it provides flexibility in target selection to avoid complications arising from DNA features needed for nuclease target recognition. Both TALENs and CRISPR/Cas9 have specific, although remarkably minimal, constraints for site recognition. TALENs require a 59 T and CRISPR/Cas9 a 39 NGG PAM Sapranauskas et al. 2011; Jinek et al. 2012) . The ability to introduce a specific nucleotide change at a location distant from the DSB permits targets to be chosen that optimize DSB frequency.
For our experiments, the design and construction of TALENs have been rapid and straightforward, and all TALENs yielded the insertions or deletions we sought. However, the CRISPR/Cas9 approach has the ease and simplicity of requiring the synthesis of only a new guide RNA for each new target rather than an entire pair of nucleases. Moreover, experiments in mice indicate that the frequency of mutagenesis using CRISPR/Cas9 is higher than the frequency using TALENs. The frequency is sufficiently high that injection of sgRNAs for two different gene targets into mouse embryos resulted in pups having knockouts of both alleles in both genes. Future experiments will reveal whether the frequency of Cas9 mutagenesis in C. elegans will be comparably high to that in mice .
Our insertion experiments enabled the first successful utilization of the FLP-FRT system in the C. elegans germline for the purpose of permanently excising an entire single locus from the genome in a precise way, a convenient way to remove multiple cis-acting regulatory motifs in one step. Of course, the insertion of FRT sites in endogenous loci, combined with the temporal or tissue-specific control of FLP expression, will facilitate the more common use of FLP-FRT, to conditionally eliminate gene activity from a desired tissue at a desired time. Engineered FRT sites will also enable the production of insertions, inversions, and larger deletions in the genome.
Our genome-editing strategies have generated many useful reagents and tools for the nematode community and have enabled mechanistic studies of dosage compensation. While future endeavors to improve these strategies will certainly increase their utility, the current genomeediting technology has already transformed the way genetics is conducted in nematode species.
Figure S1
General strategy for genome editing across species. The daily work flow for a complete experiment to delete or insert DNA sequences using TALENs or CRISPR-Cas9 is provided for both hermaphroditic species and male/female species. The center column details the steps common to all species. The right and left columns provide specific details relevant to either hermaphroditic species (left) or male/female species (right).
Figure S2
Diagram for the construction of a TALEN. TALENs were constructed using the Golden Gate TALEN Kit. See http://www.addgene.org/TALefector/goldengate/ voytas/. This kit includes numerous RVD-encoding plasmids that permit the efficient assembly of RVD domains in the desired order for DNA recognition. The assembly principle is based on the ability of Type IIS restriction enzymes to cleave outside of their recognition sequence, specifically to one side.
The nucleotides between the recognition site and the cleavage site of each RVD has a unique end once cleaved from its plasmid so that the cleaved RVD can only ligate with an RVD having a complementary sequence. Thus, RVDs can assemble in only one order. The kit is organized to permit 10 RVDs to be assembled in one reaction (A reaction) and the next 10 RVDs to be assembled in a second reaction (B reaction) (see step 1). The products of the two reactions are then assembled into the final TALEN (step 2). A more extended explanation for the RVD assembly in the first reaction is the following: For each RVD position in the final assembly, plasmids are provided for all possible RVDs so that after BsaI digestion, any RVD for that position will have the same overhanging sequences. Using the first position as an example, the desired RVD can be retrieved from any one of the plasmids pHD-1, pNN-1, pNG-1 pNI-1, and either pNK-1 or pNH-1.
After digestion with BsaI each RVD will have overhangs of 5' CTAT 3' at one end and 3' GTAC 5' at the other end (red bases). Similarly, for the second position, plasmids are provided for all possible RVDs such that after BsaI digestion, all RVDs have a 3' GTAC 5' overhang that uniquely complements the 5' CATG 3' overhang of the first-position RVD.
Step 1. The plasmids for the first 10 RVDs (Reaction A) are mixed with the plasmid pFUS_A, T4DNA ligase, and the Type IIS restriction enzyme BsaI. The mixture is treated to 10 cycles of 37°C for BsaI digestion and 16°C for ligation. The plasmids for RVDs 11 -14 and pFUS_B4 are treated in the same manner. Ligated DNAs from the two reactions are transformed independently into DH5α chemically competent cells and plated on LB agar with spectinomycin, IPTG, and X-gal. For each transformation, white colonies are selected and checked by colony PCR or by restriction digestion of isolated plasmid DNA with ApaI and BamHI. Plasmids can be sequenced to insure that they have the correct RVDs.
Step 2. The two plasmids with the correct RVDs from step 1 are mixed with a plasmid containing the last RVD (pLR-NN in this example), and our customized C. elegans vector (pTY2575) that contains a T7 promoter, a 5' UTR, the initial RVD NG, a ccdB gene for selection, a FokI nuclease monomer, and 3' UTR. The type IIS restriction enzyme BsmBI and T4 ligase are added to this mix and treated to 10 cycles of 37°C and 16°C as above. The resulting ligation is transformed into DH5α cells and plated on LB agar with Ampicillin. The ccdB ORF targets DNA gyrase and kills bacteria that receive a plasmid containing this DNA. In a correctly assembled TALEN clone, the ccdB ORF will have been replaced by TALEN sequences, permitting the bacteria to live. Resulting colonies are screened by colony PCR or by digestion with diagnostic restriction enzymes and sequenced to confirm that the RDVs are correct. 
